Lidar observations of the stratospheric aerosol layer have been carried out at Tsukuba and Naha, Japan, and at Lauder, New Zealand. Evolution of the volcanic aerosols originating from the 1991 Mt. Pinatubo volcanic eruptions, and the subsequent trend and seasonal variations of the background aerosols, are evaluated. Stratospheric aerosol drastically increased to about 30 to 100 times of the background level after the eruption, and returned to calm condition after about five years. The e-folding time of the integrated backscattering coefficient of Pinatubo aerosols at the three stations shows similar values between 1.14 and 1.37 years. The column amount of background stratospheric aerosol over Lauder is about 3 times as much as that over Naha, and that over Tsukuba is between the other two sites. Seasonal variation of stratospheric aerosol over Tsukuba shows the largest value and is nearly 10 times as much as that over Naha. The background aerosols over Lauder increased after around 2000. The increasing rate observed over Lauder is about 3.
Introduction
Stratospheric aerosols play important roles in climate and the earth environment system. Explosive volcanic eruptions such as Agung in 1963 , Fuego in 1974 , El Chichón in 1982 and Pinatubo in 1991 injected large amounts (e.g., 20Mt from Pinatubo, see Bluth et al. 1992 ) of sulfur dioxide (SO 2 ) into the stratosphere and the sulfuric acid aerosols converted from the SO 2 stayed in the stratosphere for several years. The sulfuric acid aerosols warm up the stratosphere, and cool down both troposphere and surface for a few years after the eruption (Robock 2000; Charlson et al. 1992; Deshler 2008; Free and Lanzante 2009) . Chemical reactions on the surface of the sulfuric acid aerosols destroy stratospheric ozone as well (Angell 1997) .
Long term lidar observations of the stratospheric aerosol were carried out from the 1970s at several sites such as Hampton (Osborn et al. 1995) , Garmisch-Partenkirchen (Jäger 2005) and Mauna Loa (Barnes and Hofmann 1997 ). An increase trend of the stratospheric aerosol since post-Pinatubo minimum has been observed at Mauna Loa and Boulder (Hofmann et al. 2009 ).
Lidar observations have been carried out by the Meteorological Research Institute, Japan and cooperative institutions at Tsukuba and Naha, Japan and Lauder, New Zealand to clarify the behavior of the stratospheric aerosol layer after the Mt. Pinatubo eruption until a return to the undisturbed calm background condition (Nagai et al. 1993; Jäger et al. 1995; Uchino et al. 1995) . This paper discusses the evolution of the Pinatubo volcanic aerosols, subsequent trends of the background stratospheric aerosol and seasonal variations, and their difference between the three observation sites.
Instrumentation and observation
The lidars installed at the three sites are single-wavelength elastic lidar systems. The frequency-doubled Nd:YAG laser of 532 nm is employed. Basically, single-wavelength non-polarized backscatter is measured at all sites, while the polarization measurement is also possible at Naha and Lauder. As manual switching between parallel and perpendicular components is required for these two stations, the polarization measurement at Lauder was not operated after November 1995 to minimize operator time. Therefore just non-polarized measurement is discussed in this paper. The specifications of the systems are summarized in Backscattering ratio profiles are derived from the inversion method (Fernald 1984) . The backscattering ratio is defined as the ratio of the total (aerosol plus molecular) backscattering coef-
Post-Pinatubo Evolution and Subsequent Trend of the Stratospheric Aerosol Layer
Observed by Mid-Latitude Lidars in Both Hemispheres Integrated backscattering coefficient (IBC) is obtained by summing up the backscattering coefficient from the tropopause to 33 km usually. When cirrus cloud appears above the tropopause, the lower limit of the integration is set to just above the cirrus cloud. If the signal to noise ratio at the higher altitude is not good enough to integrate, the top altitude of the integration is decreased to a lower altitude where the signal to noise ratio is sufficient.
Observational results

Evolution of the aerosol profiles
The time-height cross section of the lidar backscattering ratio is shown in Fig. 1 . The initial stage of the evolution of the Pinatubo aerosols is discussed in Uchino et al. 1995 . The stratospheric aerosol returned to background condition about 5 years after the eruption. After return to the background condition, the stratospheric aerosol stayed minimal until around 2001. However the aerosol burden increased thereafter at Lauder, while no conclusions can be reached about Naha and Tsukuba from just the restricted data (early instruments described in previous section) discussed here.
The lower edge of the stratospheric aerosols both in volcanically disturbed and undisturbed conditions varied in association with the tropopause altitude, which is shown by thin white lines ficient to the molecular backscattering coefficient. The lidar ratio (extinction to backscatter ratio) is assumed between 35 to 50 sr according to the values derived from in situ dustsonde measurement (Jäger and Deshler 2002; Jäger and Deshler 2003) . For Tsukuba and Naha, 50 sr beginning to Nov. 1991, 45 sr the first half of Dec. 1991, 40 sr the second half of Dec. 1991 , 35 sr Jan. 1992 to Oct. 1993 sr is used for all of the observation period. The difference of the lidar ratio is not critical to derive the backscattering coefficient in the small aerosol loading condition after the volcanic perturbation, however, this value is very important to derive the extinction coefficient from the backscatter. Nearest operational radiosonde sounding profiles taken in nighttime are used to calculate the atmospheric molecular density. The sounding stations are Tateno, Naha and Invercargill for Tsukuba, Naha and Lauder respectively. At Lauder, when an ozonesonde sounding is launched within 12 hours of the lidar observation, the atmospheric density data derived from the ozonesonde is used, because Invercargill is 100 km to the south. National Meteorological Centre (NOAA) assimilations for Lauder, or US standard atmosphere for Tsukuba and Naha, are used where no sonde is available, and to extend density profiles above balloon burst altitude. The lidar backscattered signal is interactively normalized to unity around 30 to 33 km, where aerosol free condition could be assumed. Fig. 1 . Time evolution of the lidar backscattering ratio profiles observed at the three sites of Tsukuba (top), Naha (middle) and Lauder (bottom). Tropopause altitude is superimposed by the white line.
on Fig. 1 .
A minor enhancement of the stratospheric aerosol can be seen over Lauder on January 3, 2007. The peak back scattering ratio is about 1.8 at altitude around 15.6 km, about 3 km higher than the tropopause. Figure 2 shows the monthly averaged IBCs at the three stations (thick red). Also shown in the figure are the lines fitted to the background (from October 1997 to September 2001) using the least squares method (thin blue), background-subtracted IBC that is thought to be the Pinatubo aerosols (thick green), and the fitted curve to the Pinatubo aerosol (from 1991 to 1997: thin purple). The fitting curve for the background aerosol was assumed to be the sum of a sinusoidal curve for annual variation and a constant. The fitting function for the Pinatubo aerosol is assumed to be the sum of a sinusoidal curve for annual variation and a linear function fitted in the logarithmic scale after subtracting the background curve.
Variation of the background and Pinatubo aerosols
The maximum IBCs associate with the Pinatubo eruptions are 59.5, 96.4 and 31.6 times as much as the background level estimated above Tsukuba, Naha and Lauder respectively. The decay time (e-folding time) of the Pinatubo aerosols of the three stations shows similar values between 1.14 and 1.37 year. However, the amounts of background aerosols were the highest over Lauder and lowest over Naha.
The mean IBC of the background aerosols over Lauder is about 3 times as much as that of Naha and that over Tsukuba is between the other two sites. Similar tendencies can be seen in the IBC of the volcanic aerosols. The seasonal variation of the background aerosols can be found in all the three stations, however, the amplitude of the variation is quite different among the three stations. Tsukuba has the biggest amplitude and Naha is the lowest, slightly less than Lauder. The seasonal maximum was in winter for both hemispheres. The characteristics are summarized in Table 2 .
Increase of the background aerosol over Lauder
After the IBC over Lauder reached a minimum between 1997 and 2001, it increased through the subsequent decade. The fitted curve including a linearly increasing term is shown by the thin blue line in Fig. 3 . The IBC increase rate is about 5.5 × 10 
Discussion
Decay times of the Pinatubo aerosols were reported as 10.3 months at Garmisch-Partenkirchen (47.5°N, 11.1°E) (Jäger 2005) , 1 year at Mauna Loa (19.5°N, 156°W) (Barnes and Hofmann 1997) , and approximately 10.1 months over Hampton Virginia (37.1°N, 76.3°W) (Osborn et al. 1995) . The observations at Tsukuba, Naha and Lauder show slower decay. These differences are due to the different method and period of data processing. Using only the initial 2−3 years of the volcanic event, shorter times are derived for Tsukuba and Naha (Jäger et al. 1995) . Thus, we believe that these values are not in conflict.
The IBC of the post-Pinatubo background aerosols at Naha is slightly lower than that at Mauna Loa, and those at Tsukuba and Lauder are higher than reported over Hampton and GarmischPartenkirchen (Deshler et al. 2006; Deshler 2008) . The amplitude of the seasonal variation over Tsukuba is much more than over Naha and Lauder, mainly because of the variation of the tropopause altitude as seen from Fig. 1 . The correlation coefficient between the tropopause altitude and the IBC is about 0.65.
Regarding the increase of post-Pinatubo background aerosol, 4.8 and 6.3%/year rate of increase are reported at Mauna Loa and Boulder respectively in the altitude range 20−25 km (Hofmann et al. 2009 ). The IBC for the same altitude range over Lauder is shown in Fig. 4 . The rate of increase after 2000 over Lauder is 5.1 × 10
/year, 2.6%/year. This trend is smaller than at Mauna Loa and Boulder, but also smaller than the trend for the total column at Lauder. In contrast, the total column at Mauna Loa had an upward trend of 3.3%; less than for the 20−25 km layer at Mauna Loa and the 3.8% upward trend of total column at Lauder. The aerosol amount of the 20−25 km layer is just about 1/7 of total column at Lauder, so that the trend of total column will have had more influence on the climate. Hofmann et al. (2009) suggested that the increase of the stratospheric aerosols could be caused by a large increase in coal burning since 2002, mainly in China.
Summary
Post-Pinatubo lidar observations of the stratospheric aerosol layer at Tsukuba and Naha, Japan, and Lauder, New Zealand show the following characteristics: 1) Volcanic aerosols from the 1991 Mt. Pinatubo eruptions stayed for about 5 years, and the (e-folding) decay time was between 1.14 and 1.37 year. 2) Seasonal variation was found for both the volcanic and background aerosols.
3) The column amount of the background stratospheric aerosols over Lauder was about 3 times as large as that over Naha, and that over Tsukuba was between the other two sites. 4) The amplitude of the seasonal variation of background stratospheric aerosol over Tsukuba was the largest and was nearly 10 times as much as that over Naha. 5) The background aerosols over Lauder increased after around 2000, and the rate of increase was about 3.8%/year from 2000 to 2009.
